Brain-derived neurotrophic factor (BDNF) acts through TrkB, a receptor with kinase activity, and mitigates light-induced apoptosis in adult mouse rod photoreceptors. To determine whether TrkB signaling is necessary for rod development and function, we examined the retinas of mice lacking all isoforms of the TrkB receptor. Rod migration and differentiation occur in the mutant retina, but proceed at slower rates than in wild-type mice. In postnatal day 16 (P16) mutants, rod outer segment dimensions and rhodopsin content are comparable with those of photoreceptors in P12 wild type (WT). Quantitative analyses of the photoreceptor component in the electroretinogram (ERG) indicate that the gain and kinetics of the rod phototransduction signal in dark-adapted P16 mutant and P12 WT retinas are similar. In contrast to P12 WT, however, the ERG in mutant mice entirely lacks a b-wave, indicating a failure of signal transmission in the retinal rod pathway. In the inner retina of mutant mice, although cells appear anatomically and immunohistochemically normal, they fail to respond to prolonged stroboscopic illumination with the normal expression of c-fos. Absence of the b-wave and failure of c-fos expression, in view of anatomically normal inner retinal cells, suggest that lack of TrkB signaling causes a defect in synaptic signaling between rods and inner retinal cells. Retinal pigment epithelial cells and cells in the inner retina, including Mü ller, amacrine, and retinal ganglion cells, express the TrkB receptor, but rod photoreceptors do not. Moreover, inner retinal cells respond to exogenous BDNF with c-fos expression and extracellular signal-regulated kinase phosphorylation. Thus, interactions of rods with TrkBexpressing cells must be required for normal rod development.
Neurotrophins play important roles in both early and late stages of neural development. Recently it has been shown that brainderived neurotrophic factor (BDN F), basic fibroblast growth factor (FGF-2), and ciliary neurotrophic factor (C N TF) mitigate light-induced cell death in adult rodent photoreceptors (LaVail et al., 1998) . During normal development, trophic support for the photoreceptors is thought to come from two retinal support cells, the retinal pigment epithelium (RPE) and Müller glia cells, with which the photoreceptors are in close apposition. To explore the role of TrkB-dependent signaling in rod photoreceptor differentiation and maturation, we investigated rod development in mice genetically manipulated to knock out the expression of both the full-length and the truncated forms of the TrkB receptor.
TrkB is one of three receptors with tyrosine kinase activity activated by neurotrophins. Nerve growth factor activates TrkA; neurotrophin 3 activates TrkC; and BDN F and neurotrophin 4/5 (NT-4/5) activate TrkB (for review, see Reichardt and Fariñas, 1997) . Each of the neurotrophins also interacts with an unrelated receptor, the neurotrophin receptor p75. TrkB isoforms include proteins with the intracellular tyrosine kinase domain and truncated proteins that lack this domain. Activation of the TrkB kinase leads to stimulation of ras and other second messenger systems, which in turn activates expression of an immediate early gene, such as c-fos, and also other signaling events (Segal and Greenberg, 1996) . Although it has been assumed that the truncated proteins may not signal directly, experiments in cell lines demonstrate that the truncated isoforms signal effectively (Baxter et al., 1997) .
In the rat retina, at postnatal day 10 (P10), TrkB is expressed in retinal ganglion cells and the inner plexiform layer, with additional expression in the adult outer plexiform layer and Müller cells. The receptor is not expressed in rod or cone photoreceptors (Rickman and Brecha, 1995; Ugolini et al., 1995) , and the absence of either TrkB or BDNF does not appear to affect photoreceptor survival (Rickman and Rickman, 1996; Cellerino et al., 1997 ). Yet, short-term exposure to BDNF prevents light-induced apoptosis in adult photoreceptors (LaVail et al., 1998) . Also, photoreceptor development in Xenopus laevis is affected by the expression of a dominant negative construct of TrkB, probably because of an arrest in retinal pigment epithelium development (Liu et al., 1997) .
Neurotrophin-dependent signaling has also been shown to regulate development of the electrical properties and synaptic activity of other neurons. Retinal ganglion cells in BDNF knock-out (KO) mice are developmentally delayed, and, at a given stage, they display reduced spontaneous and elicited activity characteristic of less mature cells (Rothe et al., 1996) . In the same mice, in hippocampal neurons, long-term potentiation (Korte et al., 1995) is impaired. In TrkB KO mice, the number of synaptic contacts and the production of synapse-associated proteins in the hippocampal region are reduced (Martínez et al., 1998) .
We generated a TrkB KO mouse in which both the f ull-length and the truncated forms of TrkB are missing. The animals live as long as 3 weeks, during which they actively move about but never appear able to orient themselves visually. Even though rods do not express detectable levels of TrkB receptors, their function and development are impaired in the mutant mice. Migration and differentiation of rods and the development of their transduction machinery, although slowed down, appears generally normal. On the other hand, light-elicited signal transmission to an otherwise normally appearing inner retina fails, suggesting a deficit in rod synapse f unction. Because rods do not normally express TrkB receptors, the developmental failures we observe likely arise from a defect in a required signaling path between TrkB expressing retinal cells and the photoreceptors.
MATERIALS AND METHODS
Materials. All chemicals were obtained from Sigma (St. L ouis, MO) and were at least cell culture grade, unless otherwise noted.
TrkB k nock-out mouse. The TrkB KO mouse used in this study was generated in our laboratory by targeting the first coding exon in the TrkB gene (B. Xu and L. F. Reichardt, unpublished results) . Both f ull-length and the truncated forms of TrkB proteins are removed in this mouse. This mouse therefore differs from the original TrkB KO mouse reported by K lein et al. (1993) , in which only the kinase domain was eliminated, generating an allele from which there was expression of the truncated form of TrkB. TrkB heterozygous mice were crossed to obtain homozygous mutants, identified by PCR of tail DNA. This mutation was maintained on an ICR (Institute for C ancer Research) strain background because litter size is larger, and pup survival improved on this background than on C57/ Bl6 or 129 mice.
Mice were maintained under a 12 hr light /dark cycle in the animal facilities of the University of C alifornia San Francisco, with food and water ad libitum. All procedures were approved by the University of C alifornia San Francisco Animal C are Committee and conformed to Association for Research in Vision and Ophthalmology guidelines for animal research.
BDNF injections. To determine which cells express TrkB receptors on the cell surface and can therefore respond to BDN F stimulation, BDN F (1 l; 1 mg /ml in sterile PBS; a gift from Amgen Inc., Thousand Oaks, CA) was injected into the right eye and PBS vehicle was injected into the left eye of P12 wild-type (W T) animals. Because there are no reports on N T-4/5 in the mouse retina, and because N T-4/5 activates the same receptors as BDN F, we did not repeat the experiments with N T-4/5. Animals were killed 1 hr after the injection, and eyes were enucleated and fixed in 4% paraformaldehyde (in PBS, pH 7.4) containing 4% sucrose and 100 M sodium orthovanadate to block endogenous phosphatases. Tissue was then processed as summarized below in Paraffin sections and immunocytochemistry.
Semithin sections. Animals were deeply anesthetized with C O 2 and perf used transcardially with Karnovsky fixative (2% paraformaldehyde and 4% glutaraldehyde in PBS, pH 7.4). Eyes were isolated and hemisected through three landmarks (superior oblique muscle, optic nerve, and inferior oblique muscle) to guarantee the same orientation in all eyes. After tissue osmication eyecups were embedded in Epon and Araldite. Semithin (1 m) sections were cut with a glass knife and stained with toluidine blue solution (1% toluidine blue and 1% borax in distilled water). Photographs were taken on a Nikon (Tokyo, Japan) microscope using Ektachrome 64T film (Eastman Kodak, Rochester, N Y) .
Paraffin sections and immunoc ytochemistr y. Animals were decapitated, and eyes were enucleated and immersion-fixed in C arnoys fixative for 2 hr, after which they were dehydrated over several hours and embedded in paraffin in transverse orientation. Seven micrometer sections of the eye were cut in dorsoventral orientation and dried onto poly-L-lysine-coated glass slides. Sections were dewaxed and rehydrated through xylene and a graded series of ethanol.
For visualization of the antigens, we used the peroxidase method. Endogenous peroxidase was first quenched for 10 min in 3% hydrogen peroxide in TBS (100 mM Tris, pH 7.5, and 150 mM NaC l) plus 10% methanol. Nonspecific binding was blocked by incubating sections for 1 hr in blocking solution (3% bovine serum albumin, 10% normal goat serum, and 0.4% Triton-X in TBS). Primary antibodies (see below) were applied overnight in blocking solution, followed by biotinylated secondary antibodies and the avidin and biotinylated horseradish peroxidase complex (ABC; Vector Laboratories, Burlingame, CA) for 1 hr each. Slides were developed in DAB (0.05% diaminobenzidine in 0.1 M Tris, pH 7.5, and 0.003% hydrogen peroxide as substrate) for 1-5 min, dehydrated, and mounted in DPX medium. Nickel enhancement (0.2% nickel chromium in DAB, pH 8.0) was used for some experiments. C ell counts of immunolabeled AII amacrine cells were performed in sections from the center of the retina. Sections were photographed using a Nikon microscope and 100 ASA or 64T Ektachrome film.
For fluorescence immunocytochemistry of RPE flat mounts, relaxation cuts were made on the sclera, choroid, and RPE; the tissue was then mounted flat, RPE side up, on small pieces of nitrocellulose filter (Millipore, Bedford, M A; 8 m pore size). The blocking step was performed as above, whereas primary and secondary antibodies were applied for 48 and 24 hr at 4°C, respectively. For viewing, the complex was placed onto a slide inside of two stacked Avery rings (Avery Dennison Corp., Diamond Bar, CA), covered in Fluoromount (Southern Biotechnology Associates, Inc., Birmingham, AL), coverslipped, and examined by confocal microscopy (600 MRC series; Bio-Rad, Hercules, CA). Images were false-colored and superimposed using Photoshop (Adobe Systems, Mountain View, CA).
Antibodies. Nine primary antibodies were used in this study. T wo antibodies recognizing TrkB, one of which was raised against the extracellular domain of TrkB, and therefore does not distinguish between the kinase and the truncated forms of TrkB (1:400; obtained from G. Wilkinson, University of C alifornia San Francisco; Meyer-Franke et al., 1998) , whereas the second one was raised against the kinase domain of TrkB and is therefore specific for the f ull-length TrkB (1:1000; generously given by D. Kaplan, University of Montreal, Montreal, Quebec C anada; Allendoerfer et al., 1994) . A monoclonal antibody against protein kinase C (␣ and ␤ subspecies) was used to label rod bipolar cells (1:100; Amersham, Arlington Heights, IL; Grünert et al., 1994) , whereas an anti-recoverin antibody was used to label cone OFF bipolar cells (1:5000; obtained from A. Dizhoor; University of Washington, Seattle, WA; Milam et al., 1993) . A polyclonal antibody raised against the metabotropic glutamate receptor 6 (mGluR6) was obtained to label the glutamate receptors on bipolar cells (1:1000; given by R. Shigemoto, University of Kyoto, Kyoto, Japan; Nomura et al., 1994) . AII amacrine cells were identified with an antibody against a calcium binding protein parvalbumin (1:2000; Swant, Bellinzona, Switzerland) , and the inwardly rectif ying potassium channel K ir4.1 on the Müller cells was labeled with an anti-K ir4.1 polyclonal antibody (1:1000; generously given by Y. Kurachi, Osaka University, Osaka, Japan; Ito et al., 1996) . Immediate early gene expression was analyzed with a polyclonal antibody against c-fos (1:1000; Santa Cruz Biotechnology, Santa Cruz, CA), and short-term TrkB signaling was analyzed with a polyclonal antibody raised against the phosphorylated from of extracellular signal-regulated kinase (ERK) kinase ppERK (1:2000; Promega, Madison, W I; Liu et al., 1998) . FI TCcoupled anti-rabbit antibodies were obtained from Jackson ImmunoResearch (West Grove, PA). Biotinylated anti-mouse and anti-rabbit antibodies were purchased from Vector Laboratories.
Spectrophotometr y. All experiments were conducted in darkness under infrared illumination with the aid of a television camera and monitor. Animals were dark-adapted overnight and killed by cervical dislocation. Eyes were enucleated, and retinas were dissected free of RPE in Ringer's solution (in mM: 137 NaC l, 2.7 KC l, 1.36 C aC l 2 , 0.5 MgC l 2 , 1 NaH 2 PO 4 , 10 glucose, and 10 Tris-C l, pH 7.2; 283 mOsm). The central piece of the retina (photoreceptor side up) was mounted flat, using relaxation cuts, in a specially designed chamber with a transparent glass floor (number 1 coverslip); the retina was then immersed in Ringer's solution and covered with a second coverslip. The chamber was placed in the measuring light path within the modified measuring compartment of a C ary 118 spectrophotometer. The light path was masked (1.5 mm diameter) to ensure that absorption spectra were collected from a well defined, flat area of central retina. The retina was bleached without removing it from the sampling compartment using high-intensity light-emitting diodes of 510 nm and white light (Nichia America Corp., Mountville PA). Difference spectra (dark bleach) were fit with a nomogram with max ϭ 507 nm (Lamb, 1995) .
Best fits were obtained with A ϭ 0.88, B ϭ 0.924, C ϭ 1.104, D ϭ 0.655, a ϭ 70, b ϭ 28.5, and c ϭ 14.1.
To determine the absorbance per rod outer segment (OS), we measured the number of rod photoreceptors per square millimeter and the length and diameter of the OS at the various ages studied. To determine the number of rods, we counted photoreceptor nuclei in the central retina in semithin plastic sections. To determine the OS dimensions, we measured freshly dissociated OS at high magnification using a calibrated reticle. C ells were dissociated by mechanical trituration in Ringer's solution (see above) in which 10 mM glucose was replaced by 5 mM pyruvic acid. OS were attached to concanavalin A-coated slides (Cherr and Cross, 1987; Babashak and Phillips, 1988) . To compute the concentration of rhodopsin per retina, we used two additional numbers: the total number of rod photoreceptors per retina (6.4 ϫ 10 6 ; Jeon et al., 1998) , and the mouse rhodopsin molar extinction coefficient (⑀ ϭ 42,000 M/cm; Eder and Williams, 1973) .
Stroboscopic illumination. Stroboscopic illumination was used to study light-induced protein modification and gene expression in the inner retina. For exposure to stroboscopic light we used a Grass stimulator (PS22; Grass Instrument Co., Quincy, M A) set at its maximum intensity (1.5 ϫ 10 6 cd) that presented 10 sec flashes of white light at 2 Hz. Animals, dark-adapted for Ͼ4 hr, were placed at 25 cm from the face plate of the strobe light and exposed to the flashing light for 2 hr to allow for induction of protein expression. Eyes were collected and processed as described above for BDN F injections.
Electroretinogram recordings. Animals were dark-adapted overnight and anesthetized under dim red light with a mixture of ketamine (10 mg / kg body weight) and xylazine (25 mg / kg) or avertine alone (15 mg / kg), after which their pupils were dilated with 1% atropine (Bausch and L omb Pharmaceuticals Inc., Tampa, FL) and 2.5% phenylepinephrin (Alcon Inc., Humacao, Puerto Rico). Mice were secured on a heated block held at 37°C within a light-tight Faraday cage, where they were allowed to dark adapt for an additional 10 min before commencing recordings.
The eye was illuminated with a device of our construction, based on the design of Lyubarsky and Pugh (1996) , which provides uniform, f ull-field retinal illumination. The device consisted of a clear Plexiglas rod (1.8 ϫ 3.5 cm), which ends in a tip of 4 mm diameter and 1.0 cm length. Light was delivered to the other end of the rod through a 4-mm-diameter liquid light. The tip of the plastic rod was shaped to approximate the front of the mouse eye and was then treated with chloroform to produce a light-diff using surface. A platinum wire (0.1 mm diameter) was secured on the rim of the Plexiglas tip and served as the recording electrode. The reference and the ground electrodes were sharpened tungsten wires (0.5 mm diameter) placed under the animals skin at the neck and tail, respectively. The diff using tip of the Plexiglas rod was gently placed against the cornea with a micromanipulator, using care not to exert pressure onto the eye. Electrical contact with the cornea was ensured with a drop of methylcellulose solution (Gonisol; C ibaVision Ophthalmics, Atlanta, GA) placed between rod tip and the cornea. Lids of P12 animals were forced open and kept from closing by the Plexiglas rod itself, making surgery unnecessary. A photostimulator that included a 250 W tungsten source, narrow-band interference filters, neutral density filters, and an electromechanical shutter (Vincent Associates, Rochester, N Y) was used to deliver light to the end of the liquid light guide. Stimuli consisted of 10 msec flashes of varying intensity. Light intensity was measured using a calibrated photodiode placed in the position of the eye at the tip of the plastic rod (United Detector Technology, Hawthorne, CA). Analog electrical signals were differentially amplified 5000-fold with a high common mode rejection amplifier (Princeton Applied Instruments, Princeton, NJ), bandpassed between 0.1 and 1000 Hz (two-pole Bessel filter), and digitized on-line at 2 K Hz with 12 bit accuracy (Indec, C apitola, CA). Digital signals were signalaveraged (up to four waveforms, depending on the noise level. The interval between repeat flashes was set to allow complete recovery of the b-wave between the flashes.
Data anal ysis. The leading edge of the a-wave in the electroretinogram (ERG) can be quantitatively analyzed to gain an understanding of the gain and kinetics of the phototransduction cascade. We analyzed the light intensity dependence of the peak amplitude and the normalized initial slope of the a-wave. The initial slope was measured as the slope of the tangent that best fit the initial rise of the normalized waveform. In addition, we fit the time course of the rising phase of the a-wave with the kinetic model developed by Lamb and Pugh. In this process we fit with computer-assisted nonlinear least square minimization (origin, Microcal Software, Northampton, M A) an analytical f unction to the experimental data. This f unction is a Gaussian f unction with two adjustable parameters, t eff and A, that estimate a combined time delay generated by the biochemical reactions that lead to the photoresponse and an amplification parameter ( A), which represents the combined gains of four biochemical activation stages (Lamb, 1994) . A depends on light intensity and like all biochemical reactions has a rate-saturating profile. Thus to obtain both A and t eff , the rising phase of the a-wave, f(t), was fit with the f unction:
where is light intensity (photons per square millimeter). Responses to flashes below ϭ 1.4 ϫ 10 10 photons/mm 2 could be fit simultaneously, whereas responses to flashes of higher intensities were individually fit. The amplification parameter A, when plotted against light intensity, exhibits a Weber-like saturation f unction, described by the following f unction:
where F and Q are adjustable parameters. Q is the maximum possible value of A, and F is the intensity at which A is at half its maximum value. Values for A and t eff were fit to data from each animal tested. These values were averaged, and comparison was made among the averaged values. Errors are presented as ϮSD. To determine statistical significance, Student's two tailed t test was used, accepting differences to be significant when p Ͻ 0.05.
RESULTS

Generation of TrkB knock-out mutant
The elimination of the first coding exon, which encodes the signal peptide and the start codon for TrkB and is common to both the full-length and the truncated forms of TrkB, led to a complete absence of TrkB protein expression in the homozygous transgenic mice. Kinase and nonkinase isoforms of TrkB receptors were undetectable by either Northern or Western blotting (Xu and Reichardt, unpublished results). Progeny of heterozygous parents have a normal mendelian distribution of genotypes, arguing that TrkB is not required for survival to term. Although most of the mutant homozygotes die within 48 hr of birth, some survived up to 3 weeks, which is sufficiently long to allow us to analyze some aspects of the postnatal development of the visual system.
Wild-type mice are born with their eyes closed, the lids separate between P13 and P14, after which time the pups orient themselves visually and score positive in the visual cliff avoidance test (Zhong et al., 1996) . In the homozygous mutant animals, the lids separate, but they do not open entirely. The animals display a pupillary light reflex but with a very slow response time compared with WT littermates. Moreover, they show no visually guided orientation behavior and do not turn away from a visual cliff (B. Rohrer, personal observations).
As expected, the phenotype of the TrkB KO animals appears generally similar to that of BDNF KO (Jones et al., 1994) , although we did not compare animals in great detail. TrkB KO are smaller than their littermates, reaching only one-third of the body weight of their littermates [P16 WT/Het, 12.0 Ϯ 1.8 gm (n ϭ 10) vs P16 KO, 4.9 Ϯ 1.2 gm (n ϭ 6)]. In addition, they have problems righting themselves, which in the BDNF KO has been attributed to a vestibular defect (Jones et al., 1994) . TrkB KO also exhibit irregularly patterned breathing, which in the BDNF KO has been attributed to an absence of sensory innervation of the carotid body (Brady et al., 1999) .
Developmental formation of the photoreceptor and other layers in the retina
We investigated whether the development of the retina, and in particular the development of rods, was perturbed in the TrkB KO. Figure 1 illustrates representative steps in the development of rods and the maturation of the different layers of the retina. The top panel depicts several developmental stages in the WT retina. At P2, the outer half of the retina is occupied by a mantle of poorly differentiated cells (Fig. 1 A) , some of which are destined to become rods. The outer plexiform layer (OPL) starts to form at ϳP4 -P5 and is visible as a gap between the photoreceptor nuclei (Fig. 1 B) . The rod precursors migrate through the OPL into the outer photoreceptor layer (arrows), a process that is complete in the central retina by ϳP10 (Fig. 1C ) and in the periphery by P12 (data not shown). Thus by P10, in the central retina all the cells are organized in a layered structure, resembling the adult pattern. This developmental sequence occurs in the TrkB KO but it is slowed down and is not completed until P12 in the central retina (Fig. 1, middle panel ) and P14 in the periphery (data not shown). Thus, the absence of TrkB signaling does not prevent the differentiation and migration of retinal cells and their assembly into defined layers but slows down these processes.
In the WT retina, after the rods reach their final position at ϳP10, OS begin to elongate (Fig. 1, bottom panel ) and reach their mature length after P21 (LaVail, 1973) . Rods from TrkB KO mice do not form OS of normal length in the comparable time scale. Rod outer segments remain short over the life span of the mutant animals. At P16, the OS of the TrkB KO retina are approximately the same length as those of P12 WT mice ( Fig.  1 H,I ). In freshly dissociated cells, the length of OS of P16 WT were 14.04 Ϯ 1.69 m in comparison with 6.42 Ϯ 1.37 and 6.34 Ϯ 1.49 m in P12 WT and P16 KO, respectively (Table 1) . Thus by P16, anatomically, the mutant photoreceptors resemble those from a P12 WT animals. Figure 2 shows the distribution of TrkB receptors in the developing WT retina. TrkB staining was obtained with two different antibodies, one of which was raised against the extracellular domain of TrkB and therefore recognizes all isoforms of TrkB (pan-TrkB), whereas the other was raised against the kinase domain of TrkB and is therefore specific for the kinase isoform (TrkB-kinase). Almost identical staining patterns were seen with both antibodies, suggesting that all cells expressing TrkB express either the kinase or both the kinase and the truncated isoforms of TrkB. TrkB staining changes with maturation of the retina. Initial expression is in retinal ganglion cells and the developing inner plexiform layer (IPL) at P0 (Fig. 2 A,E) , followed by expression in the inner nuclear layer (INL), OPL, and Müller cells by P6 and later ( Fig. 2 B-D,F-H ). The staining with the pan-TrkB antibody revealed multiple strata in the IPL (Fig. 2 D, small arrowheads) , which may correspond to some of the sublamina of the IPL described by Veruki and Wässle (1996) . The differentiating horizontal cells (P6) are strongly labeled by the TrkB antibodies ( Fig.  2 B,F, arrows) . Müller cells, spanning the retina radially, are strongly stained, with their microvillous processes forming a TrkB-positive layer at the level of the inner segments (Fig. 2C,G , large arrowheads). Notably, there is no staining in the photoreceptor layer with either of the two antibodies. Localization of TrkB receptor was analyzed in RPE whole mounts using fluorescently labeled secondary antibodies. With a confocal microscope, it was possible to resolve that the pan-TrkB antibody stained the lateral surfaces and the apical surface of RPE cells (Fig. 2 I,K ) . In summary, the photoreceptors do not express detectable levels of TrkB receptors, but two of the cells types known to be important for photoreceptor differentiation and maintenance, Müller glia cells and RPE cells, do express TrkB receptors.
Cellular expression of TrkB in the retina
Rhodopsin content in normal and mutant retinas
To determine whether the mutants have a defect in visual pigment production, we measured the concentration of functional rhodopsin in KO and WT animals by spectrophotometry, using whole mounts of retinas isolated from dark-adapted mice. Difference spectra were obtained by analyzing the absorbance before and after complete photobleaching and were fit by an absorbance nomogram (Lamb, 1995; see Materials and Methods) . Measurements of OS dimensions were used to calculate the amounts of (C, F ) . G-I, Photoreceptor outer segment development was analyzed in a 1 m semithin section stained with toluidine blue. In W T animals, photoreceptors start to grow outer segments after P10. OS development is slowed in the TrkB mutant, such that by P16 ( H ) they are as short as at P12 in the W T and approximately one-third of the length of P16 W T ( G).
rhodopsin in the whole retina and individual photoreceptors and the resulting rod axial absorbance (Table 1) .
Results summarized in Table 1 show that the P16 WT retina contains 0.172 Ϯ 0.03 nmol /retina in comparison with 0.0493 Ϯ 0.011 nmol /retina in the P12 W T. These values match well those previously estimated from digitonin extracts of whole retina (P16, 0.160 nmol; P12, 0.065 nmol; C arter- Dawson et al., 1986) . The KO retinas at P16 contain rhodopsin at a concentration similar to that in P12 W T retina (0.0563 Ϯ 0.01 nmol; Table 1 , sixth column).
The efficiency with which rhodopsin captures photons depends on the rod axial absorbance, a f unction of both rhodopsin content and OS dimensions. Rod outer segment volumes were threefold higher in P16 W T retinas than in P12 W T and P16 KO retinas (17.51 Ϯ 1.71, 5.67 Ϯ 1.50, and 6.14 Ϯ 1.51 m 3 , respectively; 
ERG recordings
The ERG is a light-evoked mass potential composed of several waves generated by the sum of the light response of different cell types within the eye. The cornea-negative a-wave is generated by the cessation of a current that flows in the dark along the rods Rod density was derived by counting rows of rod nuclei per millimeter from 1 m plastic sections. Rod outer segment width and length were measured from freshly dissociated photoreceptors, using a calibrated reticule. Those numbers were used to derive the total volume of the photoreceptors and their packing density (area of the mask minus the area of all the photoreceptors in the mask). Visual pigment concentration of the entire retina was derived from the color measured per mask area, a value that could then be used to determine the concentration of visual pigment per cubic micrometer and the resulting rod axial absorbance. Note that the values derived for the P12 and the P16 KO are virtually indistinguishable and significantly different from the P16 WT animals. a Absorbance ϭ ϫ c ϫ length ϫ 3/2; , extinction coefficient for mouse rhodopsin, 4.2 ϫ 10 4 ; c, concentration of rhodopsin per cubic micrometer (nanomoles) length, ROS length (centimeters), 3/2, orientation factor (Witkovsky et al., 1997). from the inner to the outer segment. In the mouse retina, the rising phase of the a-wave is reflects the activation of the rod photoresponses without any contribution from the cone photoresponse (Hetling and Pepperberg, 1999) . The cornea-positive b-wave reflects the activity of the rod-driven depolarizing bipolar (RDB) cells and is generated by the Müller glia cells (for review, see Pugh et al., 1997) .
ERGs generated by 10 msec flashes of light were recorded from fully dark-adapted W T, TrkB heterozygous (Het), and KO mice. Because there was no difference in the responses of W T and Het animals, the data for these two groups are combined and referred to as W T. In Figure 3 , we illustrate ERGs from three individual mice recorded in a single session. P16 W T (Fig. 3 , lef t panel ) and P12 W T (Fig. 3 , middle panel ) are compared with P16 KO mice (Fig. 3, right panel ) . Most strikingly, at all light intensities, the ERG from the KO retina (Fig. 3, right panel ) consisted of a small a-wave but no b-wave (six of six animals). This was in sharp contrast to the ERG from immature P12 W T animals, in which a b-wave could be reliably recorded (Fig. 3, middle panel ) . By P16, the ERG in the W T animals was dominated by the b-wave and its oscillatory potentials (Fig. 3, lef t Figure 3 , responses to equal light intensities are marked by an asterisk (ϳ1.5-1.8 ϫ 10 11 photons/mm 2 at the level of the cornea). Thus, in the mutant mouse the transduction signal of the rod photoreceptors develops, albeit at a slower rate than in the normal retina, but signal transmission along the retinal rod pathway is absent.
panel ). Note that in
We analyzed the light dependence of the amplitude and the initial rate of rise of the a-wave in the three groups of animals. To compare among groups, the rate of rise was normalized by dividing, in each animal, the rate measured at a given intensity by the maximum rate measured in the same animal. As illustrated in Figure 4 , lef t panel, stimulation of both P12 W T and P16 KO retinas resulted in small potentials, even at their maximum value (78 Ϯ 15 and 111 Ϯ 53 V; compare Table 2 , second column), making it difficult to determine the threshold or the light intensity to produce half-V max . P16 W T a-waves reached a limiting value at 437 Ϯ 143 V, requiring ϳ2.22 ϫ 10 9 Ϯ 1.51 ϫ 10 9 photons/mm 2 for half-V max (Table 2 , first and second columns). Results in Figure 4 , right panel, show that the variability of responses between animals is reduced as animals get older. The results also demonstrate that the P12 WT and the P16 KO photoresponses require approximately sevenfold more photons to reach a constant initial slope in comparison with the P16 WT photoresponses (1.49 ϫ 10 10 Ϯ 4.40 ϫ 10 9 vs 1.87 ϫ 10 11 Ϯ 1.65 ϫ 10 11 and 2.31 ϫ 10 11 Ϯ 2.02 ϫ 10 11 photons/mm 2 ; Table 2 , fourth column); their slopes can be as steep as in the P16 WT (Table 2 , third column). These values are comparable with the differences in light sensitivity reported for isolated juvenile rods. Ratto et al. (1991) reported that photocurrents elicited from isolated P13 rat photoreceptors are ϳ6.5-fold less sensitive than those measured in P17 rods. The similarity of data measured in the intact animals and the isolated rod photoreceptors suggest that the major differences in a-wave photosensitivity reflect changes in the maturation of the photoreceptors and not changes in the optics and/or light transparency of the ocular media. We fit the rising phase of the a-wave with an analytical function that can be derived from a molecular model of the activation reactions underlying rod phototransduction (Lyubarsky and Pugh, 1996) . This f unction has two adjustable parameters, t eff and A, that can be argued to measure the kinetics and gain of the activation of the phototransduction biochemical cascade. Figure  5 , top panel, illustrates the application of this kinetic analysis to families of a-waves for one individual animal each. The amplification parameters A for all animals derived from this analysis were plotted against light intensity and fitted by a Weber-like saturation f unction (Fig. 5, bottom panel ) , giving a measure of the gain of the photocurrent of the rod photoreceptors. The gain of the rod photocurrent Q has a value of 3.88 ϫ 10 Ϫ6 Ϯ 2.16 ϫ 10
Ϫ7
in the P16 W T animals, in comparison with the 2.5-fold smaller gain of 1.63 ϫ 10 Ϫ6 Ϯ 8.07 ϫ 10 Ϫ7 in P12 WT ( p Ͻ 0.05) and an ϳ4.5-fold smaller gain of 8.14 ϫ 10 Ϫ7 Ϯ 8.24 ϫ 10 Ϫ7 in the P16 KO ( p Ͻ 0.005; Table 2 , fifth column). On the other hand, the values of t eff , which provides a measure for the delay in the activation reactions, are not significantly different among the three groups, (2.5-5.4 msec), which suggests that the kinetics of the enzymatic reactions are similar in all three sets of animals. Taken together, these results demonstrate that the sensitivity, kinetics, and gain of the a-wave in the P16 KO are similar to those in the P12 WT retina, suggesting that maturation of the transduction function in the outer segments is delayed by ϳ4 d in the mutant animals.
The slow development of rod phototransduction could reflect the general slowdown in development in the TrkB mouse; however, this is unlikely because P16 WT animals with body weight comparable with that of the KO animals [WT runts, 4.25 Ϯ 0.37 gm (n ϭ 3) vs P16 KO, 4.86 Ϯ 1.22 gm (n ϭ 6)] displayed both aand b-waves (data not shown). 
Light-driven c-fos expression
The absence of the b-wave suggests a f unctional defect either in the signal transmission from rod photoreceptors to the inner retinal cells or in the responsiveness of RDB or Müller cells. We reasoned that in the KO mice rod photoreceptor synaptic transmission is defective because the ERG in these mice is similar to that recorded in mammals in which rod photoreceptor synaptic transmission is blocked, either pharmacologically (Knapp and Schiller, 1984; Wakabayashi et al., 1988) or by knocking out the mGluR6 receptors on the rod ON-bipolar cells (Nomura et al., 1994) . Signal transmission in the retinal rod pathway has also been studied through the discovery that long-term exposure to light (minutes to hours) activates the expression of immediate early gene expression, such as c-fos, in cells of the inner retina (Rohrer et al., 1995; Yoshida et al., 1996) , although the mechanism of this effect is unknown. To obtain additional data on whether the rod photoreceptors of the KO retina can transmit information to the inner retina, we examined induction of c-fos expression in response to prolonged, stroboscopic illumination. In P16 WT mice, this illumination induced c-fos expression in ganglion cells and cells in the proximal I N L (likely amacrine cells; Fig. 6 A) . Stroboscopic illumination also induced c-fos expression in the central retina of the P12 W T (Fig. 6 B) , indicating that rod to inner retina communication is established by this age. In contrast, no induction of c-fos expression could be detected in the P16 mutant retina under the same experimental conditions (Fig. 6C) . These results f urther indicate that a defect in signal transmission from rods prevents other retinal cells from responding to light.
Immunohistochemical analysis of the rod pathway
Results obtained from ERG recordings and stroboscopic illumination suggest that the photoreceptors from KO mice fail to communicate with cells in the inner retina. This could be because the necessary postsynaptic elements in the rod pathway may not be present. In mouse, the b-wave reflects principally the lightdriven activity of RDB and Müller cells, yet other cells are also involved in the processing of rod responses, including AII amacrine and cone OFF bipolar cells (for review, see Wässle and Boycott, 1991) . Figure 7 illustrates all these cell types identified by specific immunoreagents in retinal sections. The immunohistochemical sections compare the pattern of specific staining in P16 W T and P16 KO. RDB cells were visualized by staining with either protein kinase C (Fig. 7A,B ; Z hang and Yeh, 1991) or the metabotropic glutamate receptor mGluR6 (Fig. 7C,D ; Nakajima et al., 1993; Nomura et al., 1994) . AII amacrine cells are immunopositive for the calcium-binding protein parvalbumin ( Fig.  7E,F ; Wässle et al., 1993) . The calcium-binding protein recoverin labels a class of OFF cone bipolar cells (flat midget bipolar cells; Milam et al., 1993; Euler and Wässle, 1995) , which are considered to be one of the five classes of cone OFF-bipolar cells that receive the rod OFF signal (Fig. 7G,H ). At the light microscope level, the staining pattern, including shape of cell bodies and localization of axon terminals of the RDB cells as well as localization of the mGluR6 receptors, appears comparable in the W T and KO retinas. In addition, the inwardly rectif ying K ϩ channel Kir4.1 on the Müller glia cells, which is involved in the generation of the b-wave, is present in the KO retina (Fig. 7I,K ) . The number of AII amacrine cells seems to be slightly but significantly reduced in the KO retina (P16 W T, 140 Ϯ 14 cells in the equatorial plane from dorsal to ventral poles; P16 KO, 115 Ϯ 17 cells; n ϭ 5; p Ͻ 0.001). This trend is similar to the results reported of Rickman and Rickman (1996) , who observed a 50% reduction in the number of parvalbumin-labeled cells in rat retinas in which TrkB expression was reduced by antisense expression. One class of cone OFF-bipolar cells, however, either fail to express recoverin or are missing altogether. Thus, rod RDB and Müller cells, the cells that generate the b-wave, appear normal, but AII amacrine and recoverin-positive OFF-cone bipolar cells are altered in the KO mouse.
BDNF-activated cellular responses
Rod photoreceptors do not express TrkB receptors, yet the development of their OS as well as signal transduction to the RDB cells is affected by the lack of TrkB signaling, indicating that photoreceptor development and f unction depend on interactions with TrkB-expressing cells. The expression of TrkB (Fig. 2) , however, is widespread, making it impossible to identif y a single candidate to mediate this cell -cell interaction. To identify retinal cells that do respond to BDN F and might be candidates to mediate the influence of TrkB on photoreceptors, we injected BDNF into the eyes of P12 W T mice and analyzed the retinal expression of c-fos (Fig. 8, top panel ) as well as phosphorylation of ERK kinase (Fig. 8, bottom panel ) . BDN F induced c-fos expression in nuclei of retinal ganglion cells and cells of the INL (Fig. 8 A) , whereas PBS alone had no effect (Fig. 8 B) . The majority of c-fos-immunoreactive cells in the I N L are amacrine cells, which are located in the inner aspect of the I N L, as well as some Müller cells, which were identified by their characteristic trapezoid shape of their cell bodies (arrows). In addition, BDNF injections resulted in a large increase in ERK kinase phosphorylation in the cytoplasm of the same cell types as well as in the horizontal cells (Fig. 8C,D) . We were unable to determine the effect of exogenous BDN F on RPE cells because of their endogenous pigmentation. Taken together, these data indicate that BDNF activates known TrkB-regulated pathways in Müller glia, retinal ganglion cells, and amacrine cells in the juvenile mouse retina.
DISCUSSION
By deletion of the first coding exon, we generated a TrkB allele from which none of the TrkB isoforms is expressed. Studies using the retinas of homozygous mice demonstrate that absence of TrkB slows postnatal rod development. In mutant P16 retinas, OS are similar in length and rhodopsin content than those in P12 wild-type eyes. Quantitative analyses of a-wave properties, which reflect rod photocurrents, also indicate that P16 KO and P12 WT photoreceptors are similar. Transmission of light-induced signals from photoreceptors to the rod pathway in the inner retina, however, appears to be absent in the KO retinas. No b-waves can be recorded in the ERG, and no light-induced c-fos expression can be detected in cells in the inner retina.
Although many cells in the retina were observed to express TrkB receptor isoforms and to respond to BDNF application with c-fos expression and ERK kinase phosphorylation, neither TrkB nor a direct response to BDNF could be detected in photoreceptors. It thus appears that interactions with TrkB-expressing cells are required for the normal developmental maturation of rods. In addition, because TrkB is expressed widely outside the retina, systemic effects may contribute to the delay in photoreceptor maturation and the defect in signal transmission in the rod pathway.
Effects of TrkB deficiency on light responses in photoreceptors
Because TrkB mutant homozygotes do not survive beyond 3 weeks postnatally, it has not been possible to examine retinal function in mutant adults. Instead, it has been necessary to examine light responses at ages before complete maturation of the retina. In previous work of others (Fulton et al., 1995; Dodge et al., 1996) , the juvenile retina has been shown to be significantly less light sensitive, partially because of a reduced quantum catch of photons by smaller photoreceptors. If the reduced sensitivity of the juvenile or mutant rod response is attributable solely to reduced quantum catch, both the sensitivity and the rod axial absorbance should change by the same factor. In our experiments, rod axial absorbance increased approximately threefold compar- ing P12 W T or P16 KO with P16 W T, similar to a threefold increase in f unctional rhodopsin (Table 2) . However, approximately sevenfold more light was required to produce a constant initial slope of the a-wave in the P12 W T or P16 KO than in the P16 W T retina (Table 1) . Having excluded the possibility that the reduced sensitivity is attributable to changes in optics (see Results), these observations suggest that an additional 2.3-fold increase in gain in transduction is necessary to account for the sevenfold overall gain in efficiency of P16 photoreceptors (see below). The results from the data analyses using the model of Lamb and Pugh (1992) also suggest that a reduced rhodopsin concentration as well as a reduced gain in signal transduction after photon capture contribute to the reduced light sensitivity of the a-wave generated in mutant compared with P16 W T animals. Although time delays were variable in all animals, as has been reported previously (Lyubarsky and Pugh, 1996) , they did not differ significantly among P16 W T, P16 KO, and P12 W T animals. This argues that the kinetics of the reactions in the signal transduction cascade after photon capture are not affected by the absence of TrkB. In contrast, the calculated gain is ϳ2.5-to 4.8-fold larger in the P16 W T than in either the P12 W T or P16 KO.
Effects of TrkB deficiency on signal transmission to the inner retina
Activity in rod photoreceptors of TrkB KO retinas did not lead to a recordable b-wave in ERG recordings. This could be attributable to a deficit in transmission from photoreceptors to RDB cells or the inability of the rod bipolar and /or Müller cells to signal. Absence of c-fos induction also indicated that there is a defect in signaling from the photoreceptors to the inner retina. However, because stroboscopic light does not elicit a c-fos response in bipolar cells but only in amacrine and ganglion cells, the data do not localize the deficit to the RDB cell synapse.
At least four mechanisms could explain our observations: (1) signal transmission occurs but is too weak to be detected; (2) the onset of signal transmission from rods to the inner retina is developmentally delayed beyond the survival time of the animal; (3) TrkB f unction is essential for expression of one of the proteins essential for synaptic transmission, and (4) TrkB f unction is required for signaling in RDB and /or Müller cells. Although the lack of a recordable b-wave suggests that transmission between photoreceptors and RDB cells is defective in the TrkB mutant, we have not obtained anatomical evidence of synaptic dysfunction. Moreover, RDB cells, which are necessary to produce a recordable b-wave, are present and express the metabotrophic glutamate receptor mGluR6, which mediates the synaptic response (Fig. 7) . Interestingly, despite the findings of Rickman and co-workers (1998) who observed no significant changes in synaptic vesicle distribution at photoreceptor ribbon synapses in P15 BDNF KO animals, we found that photoreceptors from BDNF KO mice at ages up to P17 also do not transmit signals to the inner retina (results not shown).
Is it possible that the development of rod signal transmission is slowed but not prevented in the TrkB KO? In the W T mouse, the development of the ERG can be divided into three phases: a-wave only, immature a-and b-waves, and finally a mature ERG. Thus, in very young animals, there is a period during which the ERG consists exclusively of the photoreceptor current-driven a-wave. The a-wave can be recorded as early as P10 (Dowling and Sidman, 1962) , and its onset is controlled by the expression of rhodopsin, which trails the expression of the other components of the photoreceptor signal transduction cascade (Fulton et al., 1995) . By ϳP11, the b-wave, which reflects the activity of ONbipolar cells, can be detected (el Azazi and Wachtmeister, 1993; our unpublished observations). Thus, before P12 in wild-type animals, a functional rod pathway is established. Because an ERG lacking a b-wave is characteristic of a P10 retina, it is possible that development of the a-wave and the establishment of synaptic connections with the inner retina are partially uncoupled and that synaptic transmission would eventually appear in the mutants if they did not have such limited life spans.
Possible mechanisms of neurotrophin action
Mouse rods do not express TrkB receptors, yet their function is severely compromised in their absence. This suggests that the lack of TrkB affects development of cells that, in turn, support the development of rods. Candidates include retinal pigment epithelial, Müller, horizontal, and amacrine cells, all of which express TrkB receptors (Fig. 2) .
As one possibility, TrkB signaling may regulate basic FGF-2 synthesis or secretion by RPE cells. Rods express FGF-2 receptors and bind FGF-2 (Mascarelli et al., 1989) , and their death after light damage can be mitigated by FGF-2 (Faktorovich et al., 1992) . BDNF has been shown to promote FGF-2 expression and secretion from cultured rat RPE cells (Hackett et al., 1997) . In vivo, photoreceptor elongation has been shown to require close contact with the RPE (Kaplan et al., 1990) . Consistent with a role for RPE cells, expression within the eye of a dominant negative mutant of TrkB has been shown to disrupt development of the RPE and to impair photoreceptor development in Xenopus laevis (Liu et al., 1997) .
Alternatively, Müller cells also express TrkB receptor (Fig. 2 ) and have been shown to secrete factors important for photoreceptor survival in culture (Wen et al., 1995) . In this paper, we have shown that BDNF induces c-fos expression and phosphorylation of ERK kinase in these cells.
Two neuronal populations in the retina are known to provide local or long-range feedback to the photoreceptors, horizontal cells and dopaminergic amacrine cells, respectively (Linberg and Fisher, 1988; Daw et al., 1990; Udovichenko et al., 1998) . Although both cell types express TrkB receptors (Fig. 2) , only the dopaminergic amacrine cells were found to be affected by the absence of TrkB. In both the BDNF and the TrkB KO mouse retina, the expression of tyrosine hydroxylase is significantly reduced, and the dendritic arborizations are diminished (Cellerino et al., 1998 ; our unpublished observations), whereas the number and immunogenicity of horizontal cells for calbindin, parvalbumin, and GABA are not affected (B. Rohrer, unpublished observations). Lowering the dopamine concentration enhances rod responses (Dowling, 1991) , making dopamine not a likely candidate to mediate the suppression of the b-wave. In contrast, GABAergic feedback has been found to reduce the amplitude of the b-wave (Arnarsson and Eysteinsson, 1997) ; however, GABA does not seem to be increased in the inner retina in the TrkB KO mice (Rohrer, unpublished observations) .
Additional candidate molecules include taurine (Altshuler et al., 1993) , S-laminin (Libby et al., 1996) , sonic hedgehog (Levine et al., 1997) , and members of the CNTF family (Fuhrmann et al., 1995; Kirsch et al., 1996; Ezzeddine et al., 1997; Neophytou et al., 1997) , which have been demonstrated in in vitro experiments to be involved in photoreceptor differentiation.
The absence of TrkB may also inhibit the development of RDB cells and the Müller cells, because the lack of signal transduction to the inner retina in the KO could also be attributable to postsynaptic defects in these cells. TrkB labeling, however could not be detected in RDB cells by immunocytochemistry (data not shown). Any deficit in bipolar cells could also reflect regulation of FGF-2 secretion from other cells by TrkB signaling, because BDNF has been shown to promote survival of RDB cells by increasing release of FGF-2 from Müller cells in vitro (Wexler et al., 1998) . In the f uture, it will be interesting to determine consequences on photoreceptor maturation and synaptic transmission of elimination of TrkB within specific retinal cell populations.
